The ability of Staphylococcus aureus to colonize the human nares is a crucial prerequisite for disease. IsdA is a major S. aureus surface protein that is expressed during human infection and required for nasal colonization and survival on human skin. In this work, we show that IsdA binds to involucrin, loricrin, and cytokeratin K10, proteins that are present in the cornified envelope of human desquamated epithelial cells. To measure the forces and dynamics of the interaction between IsdA and loricrin (the most abundant protein of the cornified envelope), single-molecule force spectroscopy was used, demonstrating high-specificity binding.
Staphylococcus aureus frequently occurs as a commensal of humans. It can cause a variety of life-threatening diseases that often are difficult to treat, owing to the organism's commonly found resistance to clinically used antibiotics (15, 29, 44, 53) . A crucial facet of infection is the ability of the pathogen to adhere to host tissues. S. aureus possesses an extensive array of surface protein adhesins with a broad substrate repertoire, and many of them are able to bind multiple ligands. Significant functional overlap also exists, with several adhesins being able to bind the same host proteins (reviewed in references 9 and 17). The purpose of such overlap is not well understood, but the possession of a wide-ranging adhesive capability could allow the production of specific components under a broad range of environmental conditions. This seems particularly likely given that S. aureus can infect a spectrum of different host tissues and is the etiological agent of a wide range of pathologies. However, the human nares are the main niche for S. aureus, and the nasal colonization of patients and health care workers is a crucial prerequisite for disease, which occurs when the bacterium spreads to normally sterile parts of the body (30, 52, 55, 56, 60) . Thus, understanding the molecular basis of nasal colonization and, consequently, the development of novel prevention strategies are key goals in reducing nosocomial infections.
S. aureus colonizes the moist squamous epithelium of the anterior nares. This is due in part to the ability of the bacterium to adhere to desquamated epithelial cells (corneocytes) of the stratum corneum. Two ubiquitous surface proteins, clumping factor B (ClfB) and iron-regulated surface determinant protein A (IsdA), promote adhesion to nasal cells in vitro and the colonization of the nares of rodents (8, 37, 42) and, in the case of ClfB, the nares of humans (57) . In fact, both proteins can be used in vaccination experiments to protect against nasal carriage and thus have the potential to be useful in the hospital setting to reduce the prevalence of S. aureus and, consequently, the burden of disease (8, 42) . IsdA is an S. aureus surface protein that is negatively regulated by environmental iron (7, 31, 32, 34, 49, 59) . It is able to bind a broad spectrum of host extracellular matrix and serum proteins (7, 20, 32, 49, 51) , as well as promoting nasal colonization and binding to desquamated nasal epithelial cells (8) . However, even though IsdA can bind fibronectin, fibrinogen, heme, etc., it is unknown, and in many cases unlikely, that these interactions are important in nasal cell adhesion. The ability of IsdA to bind several purified human ligands in vitro has been mapped to a segment know as the near iron transporters (NEAT) domain (1, 7, 20) . However, here again the relevance of this to nasal cell binding and colonization has not been determined. This is made more intriguing by the recent finding that the C-terminal domain of IsdA has an important function in survival on human skin (10) . This is mediated by the hydrophilic nature of the C domain, thus making the cells more resistant to hydrophobic compounds such as human skin fatty acids, which are potent antistaphylococcal agents. This creates an apparent paradox, whereby a single protein can mediate both cellular adhesion and resistance to human innate defenses. To resolve this problem, it is important to identify relevant human ligands in the natural niche for S. aureus, the nose, and also to determine the relative roles of the IsdA domains in this interaction.
The upper moist layer of squamous epithelium consists of 10 to 15 layers of anucleated, keratin-rich corneocytes that are surrounded by a proteinaceous structure called the cornified envelope. Protein precursors of the cornified envelope include loricrin (4, 23, 46) and involucrin (27) . Loricrin is the major component of the cornified envelope, ca. 65 to 70% (wt/wt) (23), while involucrin is ca. 5% (wt/wt) (45) . The proteins are cross-linked by transglutamination. Ceramides and fatty acids are covalently linked to the proteins on the outer face of the envelope (28) . Cytokeratin 10 also is uniquely expressed in corneocytes and is exposed on their surface (37) . It has been shown previously that S. aureus ClfB binds strongly to cytokeratin 10 in vitro, which implicates keratin as a ligand used by ClfB-expressing bacteria to adhere to corneocytes (37) .
In this study, the role of the major S. aureus surface protein IsdA in the interaction with human nasal cornified envelope protein ligands (loricrin, involucrin, and cytokeratin 10) was determined. Specific single-molecule interactions between IsdA and loricrin were established using atomic force microscopy (AFM) (22) . Also, the IsdA domain necessary for ligand binding and whole-cell adhesion was mapped. The important implications for the role of IsdA in the adhesion of S. aureus to nasal ligands and its ability to promote bacterial survival in such a harsh environment are discussed.
MATERIALS AND METHODS
Bacterial strains and plasmids. The strains and plasmids used in this work are listed in Table 1 . Escherichia coli was grown in Luria-Bertani medium, using selection with kanamycin (50 g/ml) where appropriate. Staphylococcus aureus strains were grown in brain heart infusion medium (Oxoid) or chemically defined CL medium (24) . When included, antibiotics were added at the following concentrations: erythromycin, 5 g/ml; lincomycin, 25 g/ml; and tetracycline, 2.5 g/ml. All E. coli and S. aureus cultures were grown at 37°C. Lactococcus lactis was grown in M17 medium (Oxoid) supplemented with 10 g/ml 0.5% (wt/vol) glucose at 30°C, where appropriate.
Cloning the involucrin gene. The coding sequence for involucrin was amplified from pCMV-SPORT6-INV by PCR employing Pfu polymerase and the forward primer CGCGGATCCATGTCCCAGCAACACACAC, incorporating a BamHI site (underlined), and the reverse primer CCCAAGCTTTATTTATGTTTGGG TGGCCAC, incorporating a HindIII site (underlined). The fragment was cloned into pQE30 cut with BamHI and HindIII, forming pQE30-INV.
Expression and purification of recombinant proteins. The expression of hexahistidine-tagged recombinant IsdA (rIsdA), cytokeratin 10, and involucrin was induced by the addition of 100 M isopropyl-␤-D-thiogalactopyranoside (IPTG) to growing cells. Purification was achieved by using nickel chelate chromatography using the Hi-Trap system (Amersham Biosciences) as described previously (7, 54) . Recombinant loricrin is not affinity tagged. It was purified from lysed E. coli T4037.
ELISA analysis of ligand binding. An enzyme-linked immunosorbent assay (ELISA) was used to analyze the ability of rIsdA to bind ligands. The method used was based on that described previously (6) . Briefly, 100 l of appropriate ligand or bovine serum albumin (BSA) in phosphate-buffered saline (PBS) (5 g/ml) was added to wells of a 96-well microtiter plate (Nunc) overnight at 4°C. Plates were washed three times with PBST (PBS containing 0.05% [vol/vol] Tween 20), and the remaining protein-binding sites were blocked with 5% (wt/ vol) BSA in PBS for 2 h at room temperature. The plates were again washed three times in PBST, and different concentrations of purified rIsdA (0 to 15 M) diluted in PBS-0.1% (wt/vol) BSA were added. The plates were incubated for a further 1 h before being washed three times, and anti-IsdA (diluted 1:1,000) was added in PBS-0.1% (wt/vol) BSA, followed by 1 h of incubation. Mouse antibodies used for the detection of bound IsdA were raised in a previous study (7) . The plates were washed an additional three times, and alkaline phosphataseconjugated anti-mouse antibodies diluted 1:30,000 in PBS-0.1% (wt/vol) BSA were added and the plates incubated for 1 h. Finally, bound antibodies were detected by using the Sigma Fast p-nitrophenyl phosphate system (Sigma). Plates were read at 405 nm in a Victor microtiter plate reader (Wallac).
Studies of the inhibition of binding were performed by the incubation of rIsdA with various concentrations of inhibitor or BSA (0 to 10 M) for 1 h at room temperature in PBS-0.1% (wt/vol) BSA as described previously (54) . The reaction mixtures then were added to ligand-coated wells, and bound protein was detected as described above. AFM. AFM tips and supports were functionalized with IsdA and loricrin molecules as follows. AFM cantilevers (Microlevers; Veeco Metrology Group, Santa Barbara, CA) and silicon wafers (Siltronix, France) were coated using electron beam thermal evaporation with a 5-nm-thick Cr layer followed by a 30-nm-thick Au layer. Before use, the gold-coated surfaces were rinsed with ethanol, dried with a gentle nitrogen flow, and cleaned for 15 min by UV/ozone treatment (Jelight Co., Irvine, CA). Gold tips and gold supports were immersed overnight in ethanol solutions containing 0.05 mM nitrilotriacetate-terminated (5%) (Prochimia) and tri(ethylene glycol) [tri(EG)]-terminated (95%) alkanethiols (kindly supplied by N. L. Abbott) and rinsed with ethanol. Sonication was briefly applied to remove alkanethiol aggregates that can be adsorbed. The SAM (self-assembled monolayer)-coated surfaces then were immersed in a 40 mM aqueous solution of NiSO 4 (pH 7.2) for 1 h and rinsed with PBS. Finally, the samples were incubated in PBS with 2 M His-tagged IsdA for 2 h and further rinsed several times with PBS. For loricrin and BSA, gold supports were immersed for 36 h in an ethanol solution containing a 20 M mixture (95:5, mol/mol) of alkanethiols terminated with oligo(EG) (OEG) and OEG propionic acid (kindly supplied by H. J. Gruber). Following a rinse with ethanol, sonication was briefly applied to remove alkanethiol aggregates that may be adsorbed. The supports were immersed for 30 min into MilliQ water (Millipore) containing 20 g/liter N-hydroxysuccinimide (NHS) (Aldrich) and 50 g/liter 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) (Sigma), rinsed with MilliQ water, incubated with 10 g/liter loricrin or BSA (sigma) in PBS for 3 h, further rinsed, and then used immediately.
AFM images and force-distance curves were obtained in PBS at room temperature using a Picoforce Multimode AFM (Veeco Metrology Group, Santa Barbara, CA). The supports were immobilized on a steel sample puck using a small piece of adhesive tape. The mounted samples were immediately transferred into the AFM liquid cell while avoiding dewetting. All force curves were recorded with a maximum applied force of ϳ450 pN. The spring constants of the cantilevers were measured using the thermal noise method (Picoforce; Veeco Metrology Group), yielding values (0.011 N/m) that were slightly larger than those announced by the manufacturer (0.01 N/m). To account for the flexibility of the biomolecules, loading rates (in piconewtons per second) were estimated by multiplying the tip retraction velocity (in nanometers per second) by the slope of the rupture peaks (in piconewtons per nanometer).
Bacterial interactions with immobilized ligands. The binding of mid-loggrowth-phase cells to immobilized ligands was measured using a previously described method (36) .
Bacterial adherence to squamous nasal epithelial cells. Squamous cells were harvested from the anterior nares of healthy donors, and the binding (37) of S. aureus grown in iron-free medium (7) was assayed. Comparisons between strains were performed using Student's t test.
RESULTS AND DISCUSSION
rIsdA binds cytokeratin K10, loricrin, and involucrin. IsdA previously has been shown to be an adhesin, mediating binding between S. aureus and human nasal cells (8) . However, the nasal cell ligands with which IsdA interacts are unknown. To address this, three important human corneocyte proteins and IsdA were overexpressed in E. coli and purified. The purified, recombinant proteins had apparent molecular masses of approximately 54, 69, 30, and 36 kDa, as expected for cytokeratin K10, involucrin, loricrin, and IsdA, respectively (Fig. 1) . Also, each protein appeared as a single well-defined band.
The ability of rIsdA to bind to immobilized recombinant cytokeratin K10, loricrin, and involucrin was assayed by ELISA (Fig. 2) . Binding to all three ligands occurred in a dose-dependent and saturable manner (Fig. 2) . For cytokeratin K10, saturation occurred at ca. 8 M and an apparent, approximate dissociation constant (K d ) of 1 M was calculated from the concentration, giving half-maximum binding. The saturation of binding to loricrin occurred at around 1 M, and the apparent, approximate K d of 0.15 M was calculated. Binding to involucrin was saturable at approximately 1 M, and the apparent, approximate K d was estimated to be 0.25 M. These apparent K d s are in the same range as that observed for IsdA binding to fibrinogen, fibronectin, and other human ligands according to ELISA and surface plasmon resonance (7). IsdA is produced under conditions of iron limitation, which is a marker for host association (7). This is reinforced by the roles of IsdA in nasal colonization, human skin survival, and its expression during human infection (8) . Thus, IsdA is present in a wide range of host niches where different protein ligands are likely to predominate.
IsdA, although able to bind many ligands, seemingly cannot do so simultaneously. This was shown by the fact that cytokeratin 10, involucrin, or loricrin in solution could inhibit the binding of rIsdA to each of the ligands when immobilized (Fig.  3) . In each case, the soluble ligand caused inhibition, whereas BSA had no effect. This suggests that the ligands bound specifically to the same region of IsdA. Interestingly, other S. aureus cell surface proteins have been shown to bind multiple ligands through a single domain (9) . Protein A binds the Fc region of immunoglobulin G and von Willebrand factor via a common domain, with the binding of either ligand being competitive (38) . A highly expressed, broad-spectrum, host ligand binding protein will give S. aureus adhesive capacity in the wide range of niches that this pathogen is able to inhabit. The ligand(s) to which IsdA is bound in vivo likely is determined by the local prevalence, and the many IsdA molecules on an individual bacterial cell may be bound to different ligands. Single-molecule force spectroscopy of the IsdA-loricrin interaction. During recent years, AFM has been used increasingly to measure the forces between receptors and ligands down to the single-molecule level (2, 3, 21, 22) . In microbiology, the interaction forces of single adhesin molecules have been explored, both on model surfaces and on live bacteria (14, 50) .
As loricrin is the most abundant protein of the cornified envelope, we measured the forces and the dynamics of single IsdA-loricrin interactions using AFM. To this end, loricrin was covalently immobilized onto flat supports modified with mixed SAMs terminated with OEG and OEG propionic acid (Fig.  4A) . Histidine-tagged rIsdA proteins were attached, via their C-terminal end, to gold-coated AFM tips modified with Ni 2ϩ -nitrilotriacetate and tri(EG)-terminated alkanethiols. These two methods allow proteins to be immobilized at low density, thus ensuring single-molecule recognition.
The quality of functionalized, flat surfaces was assessed by using AFM topographic imaging in aqueous solution. Figures  4B and C show that the IsdA and loricrin surfaces were smooth and stable upon repeated scanning. To confirm the presence of peptide layers, a small area was first recorded at large forces (Ͼ25 nN) for short time periods, followed by imaging a larger image of the same area under normal load. Figures 4B and C show that imaging at high forces resulted in pushing the grafted material aside, thereby revealing the underlying support. The thickness of the removed films was found to be 0.7 Ϯ 0.1 nm and 1.8 Ϯ 0.2 nm, confirming the presence of protein layers on both surfaces.
Force-distance curves were recorded first between IsdA and loricrin surfaces, using a pulling speed of 1,000 nm ⅐ s Ϫ1 (Fig.  5A) . A significant fraction of the curves (41%) displayed single adhesion forces at short rupture distances, with the remaining measurements exhibiting no adhesion. The corresponding adhesion force histogram displayed a well-defined maximum at 49 Ϯ 19 pN that we attribute to the rupture of single IsdAloricrin complexes. This value is comparable to that reported for other cell adhesion proteins (14, 50) . Adhesion forces in the 100-to 200-pN range also were observed and attributed to the simultaneous detection of two or three interactions. The specificity of the measured forces was demonstrated by showing a reduction of adhesion frequency (from 41 to 24%) when the curves were recorded on a BSA-terminated support instead of a loricrin support (Fig. 5B) .
We also explored the dynamics of the interaction by measuring the binding force as a function of the loading rate (dynamic force spectroscopy) (16, 18, 33, 35) . Figure 6 shows that the mean adhesion force (F) increased linearly with the logarithm of the loading rate (r), as observed for other receptor-ligand systems (16, 18, 19, 33) . From this relationship, the length scale of the energy barrier (x ␤ ) was assessed from the slope of the F versus ln(r) plot, x ␤ ϭ 0.31 nm, while extrapolation to zero forces yielded the kinetic off-rate constant of dissociation at zero force, k off ϭ (r F ϭ 0 )(x ␤ /k B T) ϭ 0.12 s Ϫ1 , where k B is the Boltzmann constant and T is the absolute temperature. Taken together, the above-described single-molecule data indicate that IsdA binds to loricrin with high specificity. As loricrin also is a predominant protein of the cornified envelope, it may well be a relevant ligand for the adhesion of S. aureus in this niche.
Adhesion of S. aureus to immobilized cytokeratin K10, loricrin, and involucrin is enhanced by IsdA. The binding of recombinant protein to a ligand in vitro does not necessarily equate to any physiological relevance to the living cell. It was important to determine if IsdA on the S. aureus cell surface could promote adhesion to the corneocyte proteins. Adhesion experiments were performed with wild-type S. aureus SH1000 and a mutant lacking IsdA (SRC005). S. aureus SH1000 adhered in a dose-dependent and saturable fashion to loricrin and involucrin, whereas SRC005 (isdA) adhered poorly (Fig.  7) . Interestingly for the major cornified envelope proteins loricrin and involucrin, IsdA is the major S. aureus adhesin, as SRC005 (isdA) shows only limited binding compared to that of SH1000, which is not seen for cytokeratin K10. To verify that cellular adhesion to ligands was mediated by IsdA alone and was not dependent on the context of other surface components, isdA was expressed in L. lactis. This heterologous host has been used as an expression system for gram-positive surface proteins (10, 37) . The binding of L. lactis to loricrin, involucrin, and cytokeratin K10 was greatly enhanced by the production of IsdA, thus demonstrating that IsdA itself has the capacity to be an effective adhesin to human nasal cell ligands (Fig. 8A to C) . To our knowledge, this is the first report of a bacterial interaction with either loricrin or involucrin. These are very prevalent proteins in the cornified envelope (23, 45) and may constitute important host ligands for interaction with many bacterial species able to inhabit such an environment, including several important human pathogens. Bacterial interactions with mammalian keratins are well documented. Cytokeratin K10 is the predominant type I keratin in squamous epithelial cells and, despite keratins being regarded as intracellular molecules, is exposed on the surface of desquamated nasal epithelial cells and keratinocytes (37) . Adherence to it by S. aureus is a common feature of laboratory and clinical strains that may be important for the establishment of nasal colonization (37) . Adherence to mammalian cells, mediated by keratins, has been reported in other bacterial species. Streptococcus agalactiae, Streptococcus pyogenes, and Enterococcus faecalis all bind to cytokeratin 8 (48), while S. agalactiae also has been reported to bind cytokeratin K4, promoting adhesion to epithelial cells (41) . Porphyromonas gingivalis fimbriae bind to surface epithelial cytokeratin in the colonization of the oral mucus membranes (43) , Burkholderia cepacia adheres to cytokeratin K13 in the airway epithelia (40) , and the entry of Salmonella enterica into eukaryotic cells is mediated by an interaction between SipC, a secreted invasion protein, and cytokeratin 18 (5) .
Role of IsdA domains in ligand binding and interaction with human squamous nasal epithelial cells. The ligand binding inhibition experiments (Fig. 3) suggested that cytokeratin K10, loricrin, and involucrin all bind to the same IsdA region. Previous studies have shown that many protein ligands bind to the N-terminal NEAT domain of IsdA (7, 11) , whereas the Cterminal domain is involved in resistance to human skin fatty acids and antimicrobial peptides (10) . Using the whole-cell adhesion assay, the NEAT domain was found to be responsible for the IsdA-mediated binding of S. aureus to loricrin, involucrin, and cytokeratin K10, as a mutant lacking the NEAT domain (SRC008) demonstrated reduced binding, whereas SRC009 (isdA⌬C) did not (Fig. 7) . This was verified in the heterologous host L. lactis, where whole-cell ligand binding was enhanced by the production of IsdA⌬C but not by IsdA⌬NEAT (Fig. 8 ). This strongly suggested that it is the NEAT domain that is responsible for the IsdA-mediated binding of S. aureus to human nasal cells, and thus it likely has a important role in colonization. Binding to human squamous nasal epithelial cells by S. aureus and L. lactis expressing various forms of IsdA was examined. As we reported previously (8) , there was a significant increase in the binding of the wildtype strain to nasal cells when the bacteria expressed IsdA (P Ͻ 0.01). Here, strain SRC009 (isdA⌬C), which expresses a mutant form of IsdA containing the ligand-binding NEAT domain, was significantly more able to bind nasal epithelial cells than SRC005 (isdA) or SRC008 (isdA⌬NEAT) (P Ͻ 0.01 in both cases) (Fig. 9 ). There was no difference in the binding activity of SRC008 (isdA⌬NEAT) compared to that of SRC005 (isdA) (P Ͼ 0.5). Furthermore, using L. lactis, significantly higher levels of binding for cells expressing wild-type or ⌬C After being bound and fixed, S. aureus cells were stained with crystal violet and the optical density was measured at 595 nm (OD 595 ). Graphs A, C, and E show wild-type S. aureus SH1000 compared to isdA mutants. Graphs B, D, and F show data derived using strains with an isdA⌬NEAT or isdA⌬C mutation. In all experiments, the following S. aureus strains were used: }, SH1000 (wild type); f, SRC005 (isdA); OE, SRC008 (isdA⌬NEAT); X, SRC009 (isdA⌬C) domain versions of the protein were observed compared to the levels of cells that expressed either the ⌬NEAT domain (P Ͻ 0.004) or lacked IsdA altogether (P Ͻ 0.003) (Fig. 10) . Thus, it is the NEAT domain of IsdA that exhibits the capacity to bind whole cells of S. aureus to human nasal cells. Overall binding to nasal cells requires the cumulative activities of at least the surface proteins IsdA, ClfB, and SdrCD and thus is multifactorial (8, 12, 37) . However, even given this apparent redundancy, individual proteins are important, as an isdA or clfB mutation leads to attenuated nasal carriage (8, 42, 57) . IsdA is a multifunctional S. aureus surface protein that is required for nasal carriage and presents ubiquitously in a wide range of strains isolated in the clinic and from human nasal carriers (8) . It acts both as an adhesin for several human ligands and as a resistance factor against human innate defense mechanisms. These distinct roles are accounted for by the two-domain nature of IsdA. The mature protein is present in the cell wall and is linked by a Cterminal sorting signal to the peptidoglycan (7, 20, 34, 49) . The N-terminal NEAT domain apparently is responsible for all of the ligand binding capacity of IsdA, including the three human corneocyte envelope proteins analyzed here. Such binding likely makes a contribution to human nasal carriage, allowing the bacterium to adhere to its host. Conversely, the C-terminal domain of IsdA is required for survival on live human skin via its ability to alter cellular biophysical properties, resulting in more hydrophilic cells with increased resistance to skin fatty acids (11) . A question remains as to why an adhesin able to bind loricrin might also be involved in fatty acid resistance. It is extremely interesting that such fatty acids can be found in the cornified envelope (39, 58) attached to serine residues of exposed loricrin (28) . It therefore is tempting to speculate that IsdA has evolved to mediate adhesion to an important host cell protein, loricrin, which itself is covalently attached to an otherwise bactericidal fatty acid. The decreased cellular hydrophobicity conferred by IsdA then may be able to abrogate the ability of the fatty acid to form lethal interactions with the bacterium.
